Trimethylamine-N-oxide (TMAO) supported anoxic growth in the non-fermentative marine bacterium Alteromonas sp. NCMB 400 and was reduced quantitatively to trimethylamine. The properties of TMAO reductase were those expected of a terminal reductase in anaerobic respiration. The enzyme was induced in the presence of trimethylamine oxide, repressed at high oxygen tensions and derepressed under anaerobic conditions. The cellular location of TMAO reductase was investigated by determining its distribution with respect to enzymes in cellular fractions prepared after lysozyme/EDTA treatment. A spheroplasting technique was developed, based on the method of Birdsell & Cota-Robles, that gave a high yield of intact spheroplasts from cells of marine alteromonads, and marker enzyme distribution indicated a clean fractionation. TMAO reductase was located in the periplasmic fraction, but it was released less readily than alkaline phosphatase ; full release required EDTA treatment. The results are consistent with the role of TMAO as a terminal electron acceptor for anoxic growth, and the location of TMAO reductase does not preclude the possibility that TMAO reduction is linked to energy conservation.
INTRODUCTION
The bacterial reduction of trimethylamine-N-oxide (TMAO) in fish tissue is a well-known feature of fish spoilage. It is now known that strains of many bacteria can reduce TMAO, including some not found on spoiling fish nor in the marine environment (Easter et al., 1982) . The fish-spoilage bacteria have been classified as Pseudomonas and Alteromonas sp. and TMAO reducing ability is used in their identification (Lee et al., 1977) .
The physiological role of TMAO appears to be as a terminal electron acceptor for anaerobic electron transport (Yamamoto & Ishimoto, 1977; Strarm et al., 1979; Cox et al., 1980) . Furthermore, at least in Proteus vulgaris and Escherichiu coli, the reduction of TMAO can be linked to energy transduction (Stenberg et al., 1982; Cox et al., 1980; Takagi et al., 1981) . In the marine bacterium Vibrio parahaemolyticus TMAO reductase is membrane bound and NADH dependent. The E. coli enzyme is induced by TMAO, inhibited by oxygen and repressed in the presence of both oxygen and nitrate. Cytochromes of the c-type have been implicated in the electron transport chain from NADH and formate to TMAO (see Sakaguchi et al., 1979) . Using respiration-deficient mutants, Cox & Knight (1981) showed that both quinones and cyto-+ was flushed with 0,-free N2 and then added to a stoppered cuvette containing approximately 0-1 mg bacterial protein and a few antibumping granules. After partial reduction of MV + + to MV'+ with dithionite, TMAO (4.2 pmol) was injected through the stopper into the reaction mixture to start the reaction and the rate of dye oxidation measured at 600 nm. Activities were calculated using an absorption coefficient of 13.0 m h -cm -I for MV + (Thorneley, 1974) and expressed as pmol MV' + oxidized min -(mg protein)-'. Nitrate, nitrite and fumarate reductase activities were assayed in a similar manner except that 10 pmol K N 0 3 , NaNO, or sodium fumarate, respectively, replaced TMAO. Activity was expressed as pmol MV'+ Trimethylamine-N-oxide reductase 369 1 oxidized min-(mg protein)-'. Assays were repeated until the results agreed to within 10% (high values) or 20% (low values). Alkaline phosphatase activity was measured as the hydrolysis of p-nitrophenylphosphate (Thompson & MacLeod, 1974) . The assay mixture (2-0 ml) contained 20 pmol pnitrophenylphosphate in Tris-salts buffer, pH 8.8, and the reaction was started by the addition of bacterial protein. The activity was expressed as nmol dinitrophenol produced min-(mg protein)-I . Isocitrate dehydrogenase was assayed by the method of Reeves ef al. (1971) and succinate dehydrogenase by the method of Veeger et al. (1969) .
Cytochrorne spectra. Difference spectra (dithionite-reduced versus ferricyanide-oxidized) were recorded at 20 "C in 1 cm path-length cuvettes using a Pye Unicam SP 1800 spectrophotometer. The molar absorption coefficient for cytochrome c was taken as 2 4 . l m~-' cm-1 (Fujita, 1966) .
Analytical methods. Oxygen tensions were measured using a Mackereth-type oxygen electrode (EIL, Chertsey, Surrey, U.K.) and recorded as percentage oxygen saturation using an oxygen controller (EIL, model 94B). Proteins were measured using the Lowry method.
Chemicals. These were obtained either from BDH or from Sigma.
RESULTS
Induction of trimethylamine-N-oxide reductase The effect of aerobic, microaerobic and anaerobic growth conditions on the induction of TMAO reductase in Alteromonas sp. NCMB 400 was determined using whole cell assays with formate as electron donor ( Table 1) . The enzyme was induced under all conditions in the presence of TMAO and also under conditions of low oxygen tension in its absence. Microaerobic growth conditions gave the highest specific activities in the presence or absence of TMAO. Accordingly, the effects of nitrate and fumarate on induction of TMAO reductase were investigated using cells grown microaerobically. Formate-TMAO reductase and MV-TMAO reductase activities were assayed, and representative results are shown in Table 2 . The formate-TMAO reductase activities of cells grown with nitrate or fumarate alone were similar to the corresponding activity of cells grown without any added terminal electron acceptor and markedly lower than the activity of TMAO-induced cells. A similar pattern was noted for the MV-linked TMAO reductase activity. However, no repression of TMAO reductase synthesis by nitrate or fumarate was observed. The induction of TMAO reductase was further studied by inoculating TMAO-free medium with an aerobic culture of Alteromonas sp. NCMB 400 and incubating the medium without stirring at 20 "C. When the oxygen in the medium had been consumed, TMAO was added. The results (Fig. 1) show that initial growth was aerobic, but when the percentage oxygen saturation decreased to zero, growth ceased and TMAO reductase was induced even in the absence of its substrate, TMAO. On addition of TMAO, growth resumed together with production of TMA and more TMAO reductase activity. When all the TMAO had been reduced, growth ceased. TMA, the product of TMAO reduction, was not further metabolized and could be recovered quantitatively from the medium. The periplasmic fraction was isolated from cells grown under different conditions of aeration with and without TMAO. TMAO reductase and nitrite reductase activities were measured and the cytochrome c552 content of both the periplasm and spheroplasts was determined. Typical results are shown in Table 3 . The induction pattern of cytochrome c 5 5 2 from spheroplasts (presumably membrane bound) was very similar to that of TMAO reductase. The induction of soluble periplasmic cytochrome c55 2 , however, appeared to resemble the induction of nitrite reductase more than that of TMAO reductase.
Location of trimethylamine-N-oxide reductase
The location of TMAO reductase was determined with respect to the known location of marker enzymes using MV'+ as the electron donor. Isocitrate dehydrogenase is a soluble enzyme found only in the cell cytoplasm, succinate dehydrogenase is membrane bound and alkaline phosphatase is found in the periplasmic space. Representative results of the distribution of TMAO reductase, the marker enzymes and cytochrome c 5 5 2 in all fractions of Alteromonas sp. NCMB 400 taken from duplicate complete experiments are shown in Table 4 . The enzyme was located predominantly in the periplasm. Some isocitrate dehydrogenase activity was alsa detected in the periplasm, probably because of slight uncontrolled lysis during spheroplast Difference spectra (dithionite-reduced versus ferricyanide-oxidized) were measured and the cytochrome c552 content expressed as nmol (mg protein)-' using an absorption coefficient of 24 mM cm-I . formation. The activity of alkaline phosphatase was expressed as a percentage of the total recovered activity since during cell fractionation there was a loss of activity due to the presence of sucrose (60% loss) and sucrose + EDTA (80 to 90% loss). Some of the activity in fractions treated with EDTA could be restored by the addition of Mg2+. This effect has been observed also in other alteromonads (Thompson & MacLeod, 1974) . During the preparation of cell fractions, a decrease of osmotic pressure alone, without the addition of EDTA, was sufficient to release most alkaline phosphatase activity from the periplasm. However, the complete fractionation procedure was required to release all the TMAO reductase. Cytochrome c552 was also found predominantly in the periplasm. Similar results were obtained with another alteromonad, NCMB 1520 (data not shown). , D . M . GIBSON A N D F . B . W A R D 
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DISCUSSION
Trimethylamine-N-oxide reductase in Alteromonas sp. NCMB 400 is inducible and its induction shows several interesting features. When the oxygen tension was low, the enzyme was induced even in the absence of substrate (Fig. l) , perhaps as part of a strategy for coping with anaerobiosis. Oxygen caused repression at high oxygen tension and also completely inhibited TMAO reduction (Easter et al., 1981) , while TMAO induced the enzyme under all conditions tested. There was also no apparent repression of TMAO reductase by either nitrate or fumarate, whereas in E. coli nitrate represses TMAO reductase (Sakaguchi & Kawai, 1975a) , a fact that has been interpreted as metabolic control to ensure utilization of the terminal electron acceptor with the highest redox potential. Previously, we showed that nitrate inhibited TMAO reduction in the alteromonad (Easter et al., 1982) in contrast to the findings of Sakaguchi & Kawai (1975 b) with E. coli. Thus the regulation and control of TMAO reductase by nitrate in E. coli and Alteromonas sp. NCMB 400 are significantly different. Several workers have suggested that c-type cytochromes are involved in TMAO reduction (Sakaguchi et al., 1979; Ishimoto & Shimokawa, 1978) , and TMAO induced synthesis of both cytochrome c 5 5 2 and TMAO reductase in Alteromonas sp. NCMB 400. Induction of the soluble periplasmic cytochrome c 5 5 2 paralleled that of nitrite reductase while the membrane-bound cytochrome c 5 5 2 of spheroplasts had an induction pattern similar to that for TMAO reductase. Cytochrome c 5 5 2 is known to be a component of the nitrite reductase system in Pseudomonas aeruginosa (Wood, 1978) and it is possible that both are simultaneously induced in Alteromonas sp. NCMB 400. However, further experiments are needed to characterize these c-type cytochromes.
It was necessary to develop a reproducible method of cell fractionation, including the preparation of stable spheroplasts, in order to determine the cellular location of TMAO reductase in Alteromonas sp. NCMB 400. De Voe et al. (1970) prepared spheroplasts from a marine pseudomonad (now known to be an alteromonad), but in our hands their method yielded few spheroplasts without recourse to EDTA treatment and complete lysis in the presence of both lysozyme and EDTA. When EDTA was added at a less critical stage of the procedure, the yield of intact spheroplasts was improved, but the periplasmic fraction had a lower protein content (0.05 to 0.1 mg protein ml-I). We concluded therefore that EDTA treatment of the outer membrane of Alteromonas sp. NCMB 400 was necessary to achieve spheroplast formation and that the presence of salts was necessary to maintain the integrity of the cell envelope. The method finally adopted was modified from that of Birdsell & Cota-Robles (1 967) and involved strictly controlled additions of EDTA to form spheroplasts. Over 95% of the cells were converted to stable spheroplasts and the periplasmic fluid released contained 0.5 to 1.0 mg protein ml-I. Using this modification TMAO reductase was found in the fluid released after lysozyme and EDTA treatment. Thus according to the definition of Beacham (1979) TMAO is a periplasmic enzyme -'an enzyme between the inner and outer membranes, whose association with either of these membranes, if any, is so tenuous that it can be released during spheroplasting'. The distribution of TMAO reductase within the cell fractions was very similar to that of alkaline phosphatase, which is known to be a periplasmic enzyme. Under the same conditions of spheroplast formation, activities of succinate dehydrogenase and formate dehydrogenase (data not shown) were not detectable in the soluble fractions. Since TMAO reductase was, in contrast to alkaline phosphatase, released completely only after EDTA treatment, it may have some physical association with the cytoplasmic membrane. This possibility would accord with the proposed function of TMAO reductase in anaerobic respiration. The enzyme could be more accurately termed a peripheral enzyme (Beacham, 1979) .
In V . parahaemolyticur and in E. coli TMAO reductase was found in the membrane fractions (Unemoto et al., 1965 ; Sakaguchi & Kawai, 1975b) . Two soluble amine-N-oxide reductases have been purified from E. coli (Sagai & Ishimoto, 1973; Shimokawa & Ishimoto, 1979) . The most active enzyme was inducible and was present in both the soluble and particulate fractions; the authors concluded that it was loosely bound to the cell membrane. A similar observation was made by Cox et al. (1980) . We have also measured TMAO reductase activities in three strains of E. coli and found that > 80% of the activity was found in the soluble fraction (unpublished results).
Our proposal that TMAO acts as a terminal electron acceptor during anaerobic growth of Alteromonas sp. NCMB 400 is confirmed by the results shown in Fig. 1 and Table 2 . TMAO reduction can be coupled to proton translocation in E. coli and can be used to drive amino acid uptake in Proteus vulgaris (Takagi et al., 1981 ; Stenberg et al., 1982) . The finding here that TMAO. reductase, the terminal enzyme of the anaerobic respiratory chain, is soluble does not preclude the possibility that TMAO reduction can be coupled to oxidative phosphorylation in alteromonads (see Wood, 1978) .
During fish spoilage TMA accumulates as TMAO is utilized and no bacteria in the normal spoilage flora appear to be able to use TMA as either C or N source. During spoilage, anaerobic respiration with TMAO could confer a competitive advantage to alteromonads as oxygen became depleted. The results presented in this paper have important implications concerning the role of alteromonads in the spoilage of chilled fish in relation to that of other chilled proteinaceous foods like meat which are devoid of TMAO.
